Abstract
Introduction

22
Chloral hydrate (CH) is synthesized by the chlorination of ethanol and is usually used 23 as an intermediate in the production of insecticides and herbicides such as methoxychlor, 24 naled, trichlorfon, dichlorvos, and trichloroacetic acid (TCA) (1). Therefore, 25 environments near factories that produce CH and the abovementioned pesticides may be 26 contaminated. Xu et al. (2) reported that, in China, soil contamination by CH resulted 27 from the use of contaminated river water for field irrigation. In addition, CH is formed 28 when drinking water is disinfected by chlorine (3, 4) and is the third most prevalent 29 disinfection by-product in drinking water after trihalomethanes and haloacetic acids (3).
30
In the United States, median CH concentrations in finished water have been reported to 31 range from 1.0×10 −5 to 1.5×10 −5 mM, whereas the maximum concentrations in each 32 report ranged from 1.3×10 −4 to 2.8×10 −4 mM (5, 6). Surveys conducted in 1995 and 33 1997 showed that the CH levels in Canadian drinking water supplies ranged from 34 7.3×10 −6 to 2.3×10 −5 mM in winter and from 2.2×10 −5 to 5.1×10 −5 mM in the summer,
35
with a maximum level of 1.4×10 −4 mM observed in winter (7, 8).
36
The high water solubility and low volatility of CH preclude significant exposure by 37 inhalation from the water solution (9). However, according to the World Health 
93
To study the kinetics of strains LF54 and RS20, the following first order reaction 94 kinetic equation was used:
where C t and C 0 are the CH concentration (mM) at time t (day) and time t = 0, 97 respectively; k 1 (l/mg･day) is the pseudo-first-order specific rate reaction constant, and Phylogenetic analysis was carried out with genomic DNA from the LF54 and RS20 116 strains; the DNA was extracted using the method described by Mizuguchi et al. (15) .
117
The primers used for PCR amplification of the 16S rRNA gene were 27f and 1494r, as algorithm to identify the sequences most closely related to those of the isolated strains.
127
A phylogenic tree was generated using the NJPlot function in ClustalX (16).
128
Measurement of CO 2
129
We carried out a resting cell experiment to reliably measure the end product (CO 2 ).
130
The LF54 or RS20 strains were grown to mid-logarithmic phase in LB medium, washed 131 twice with chloride-free MS medium, and resuspended in a 69-ml serum bottle 132 containing 15 ml of MS medium and 9 × 10 8 cells ml −1 . The bottle was sealed with butyl 133 stoppers, which were crimped with aluminum caps, and the gas in the serum bottle was 
Analytical methods
153
The disappearance of CH and degradation products TCAol and DCAol was 154 monitored by capillary GC as follows. Samples (1 ml) were extracted with 0. protein content was measured in 10 µl sub-samples by the Bradford method (19) using 171 serum albumin as the standard. All assays were performed in triplicate.
172
The morphology of the strain was examined through microscope (model BHA,
173
Olympus Optical Co., Tokyo, Japan).
174
Accession numbers
175
The 16S rRNA gene sequences of strains LF54 and RS20 were deposited in the with a decrease in CH and the release of chloride (Fig. 1A, B) . Therefore, strain LF54 these strains showed growth (total cellular protein), and CH was reduced to TCAol; 210 however, the release of chloride was not observed (Fig. 1C, D) .
211
Strain LF54 was capable of degrading up to 3 mM CH without an appreciable lag 212 period, whereas concentrations of 6 mM CH were not degraded ( Fig. 2A) . Similarly,
213
strain RS20 was unable to degrade 6 mM CH, but at least 50% of the CH was degraded 214 within 10 days in cultures initially containing 3 mM CH (Fig. 2B ). There was no 215 significant CH disappearance from the headspace in the abiotic controls.
216
The pseudo-first-order specific rate reaction constant of the representative six strains this was confirmed in this experiment (Fig. 3) . Therefore, LF54 was indicated to be a P.
235
putida strain. Strain RS20 is closely related to Arthrobacter sp. BS11 (Fig. 3) named Arthrobacter sp. RS20.
242
Time course of CH degradation products by LF54 and RS20
243
From the resting cell assay, CO 2 was detected as the major end product (Fig. 4A ). CH
244
(1 mM) was degraded to levels below the detection limit (<0.01 mM) in 40 h, and CO 2 ,
245
TCAol, and DCAol accounted for 62%, 29% and 9%, respectively, of the initial carbon 246 added. After approximately 10 more hours, almost all of carbon was transformed to CO 2
247
( Fig. 4A) . However, in strain RS20, 75% of the initial carbon added was transformed to
248
TCAol in 40 h, and almost all of the CH was transformed to TCAol in 50 h; however,
249
CO 2 and DCAol were not observed (Fig. 4B ).
250
Bioaugmentation potential in the soil microcosm 251 To assess the potential of the LF54 and RS20 strains for CH biodegradation in soil, undetectable levels (<0.01 mM) in 5 days (Fig. 5A, B) . TCAol and DCAol were 255 detected during the degradation described above, and a very small amount of TCA was 256 also detected. In the control, CH decreased by 15% in 5 days, and very small amounts 257 of TCA and TCAol were detected (Fig. 5C ).
14
In all of the degradation experiments described above, the pseudo-first-order specific 259 rate constants (k 1 ) (l/mg･day) of the LF54 and RS20 strains were calculated as follows: respectively.
263
Discussion
264
The ability of CH to support the growth of microorganisms has been questioned, and
265
it has been suggested that CH degradation is the result of the co-metabolism of 266 methanotrophic bacteria rather than direct growth-related mechanisms (11, 12). 
.
284
Regarding the intermediates of CH degradation by LF54, a small amount of 285 monochloroethanol (MCAol) formation was expected, but it was not detected under
286
either growing or resting cell conditions (Fig. 1, 4) . Presumably, MCAol might be 287 rapidly degraded before reaching measurable levels.
288
Based on the results described above, we postulated the degradation pathway of CH
289
by strain LF54 as depicted in Fig. 6 . We speculate that CH is first transformed into
290
TCAol by dehydrogenase; then, TCAol, DCAol and MCAol release one chlorine at 291 each step and are transformed into CO 2 by dehalogenase. This speculation is tentative,
292
and further study on enzymes involved in this pathway will be required to support it.
293
Although TCA was not detected in liquid culture with a single strain (Figs. 1 and 4) , 294 a low concentration of TCA was detected in the soil microcosm (Fig. 5A , B and C). 
308
This result may not be unexpected because the RS20 strain converts CH into TCAol,
309
which is probably toxic to growth, whereas the LF54 strain assimilates CH and 
314
From Fig. 2A and B, the CH degradation upper limit of the LF54 and RS20 strains 315 was between 3 and 6 mM. In finished water, the highest concentration of CH was 
